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Abstract

Background: In type 1 diabetic patients, who have lost their ability to produce insulin,
transplantation of pancreatic islet cells can normalize metabolic control in a manner
that is not achievable with exogenous insulin. To be successful, this procedure has to
address the problems caused by the immune and autoimmune responses to the graft.
Islet encapsulation using various techniques and materials has been and is being
extensively explored as a possible approach. Within this framework, it is of considerable
interest to characterize the effect encapsulation has on the insulin response of
pancreatic islets.

Methods: To improve our ability to quantitatively describe the glucose-stimulated
insulin release (GSIR) of pancreatic islets in general and of micro-encapsulated islets
in particular, we performed dynamic perifusion experiments with frequent sampling.
We used unencapsulated and microencapsulated murine islets in parallel and fitted the
results with a complex local concentration-based finite element method (FEM)
computational model.

Results: The high-resolution dynamic perifusion experiments allowed good
characterization of the first-phase and second-phase insulin secretion, and we observed
a slightly delayed and blunted first-phase insulin response for microencapsulated islets
when compared to free islets. Insulin secretion profiles of both free and encapsulated
islets could be fitted well by a COMSOL Multiphysics model that couples hormone
secretion and nutrient consumption kinetics with diffusive and convective transport.
This model, which was further validated and calibrated here, can be used for arbitrary
geometries and glucose stimulation sequences and is well suited for the quantitative
characterization of the insulin response of cultured, perifused, transplanted, or
encapsulated islets.

Conclusions: The present high-resolution GSIR experiments allowed for direct
characterization of the effect microencapsulation has on the time-profile of insulin
secretion. The multiphysics model, further validated here with the help of these
experimental results, can be used to increase our understanding of the challenges
that have to be faced in the design of bioartificial pancreas-type devices and to
advance their further optimization.
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Background
To maintain glucose homeostasis, patients with type 1 diabetes mellitus (T1D) require

continuous glucose monitoring and exogenous insulin treatment due to the autoimmune

destruction of their insulin-producing β-cells. In healthy humans, these β-cells, which are

located in pancreatic islets, provide a finely-tuned glucose-insulin control system that

maintains blood glucose levels within a relatively narrow range (typically 4–5 mM and

usually within 3.5–7.0 mM, i.e., 60–125 mg/dL in fasting subjects) [1,2]. For T1D patients,

exogenous insulin delivered via injections or pumps can provide a solution; however,

because these therapies cannot fully mimic the inherently complex function of the

endocrine pancreas, they are ultimately inadequate, leading to chronic and degenerative

complications [3].

Transplantation of pancreatic islet cells can normalize metabolic control in a manner

that is not achievable with exogenous insulin. This approach is being explored as an ex-

perimental therapy in a select cohort of patients [4,5]. One of the primary challenges

impacting islet graft survival in these patients is the compounded immune and autoimmune

response to the graft, necessitating life-long immunosuppression that comes with a

host of adverse side effects. The encapsulation of islets using various techniques and

materials has been extensively explored as a possible approach to circumvent life-long

immunosuppression [6-10]. One of the most commonly used biomaterials for such

purposes is alginate. It is an algae-derived or seaweed-derived anionic polysaccharide

comprised of unbranched polymers of 1,4-linked β-D-mannuronic and α-L-guluronic

acid residues, which form a gel in the presence of multivalent cations such as Ca2+ or

Ba2+. Such approaches have their own challenges: for example, failed clinical and pre-

clinical attempts [11,12] make it clear that minimizing the volume of encapsulating

material and the corresponding diffusional limitations are crucial for graft success.

Within this context, quantitative models that assist in predicting and understanding

the islet microenvironment needed for proper functioning are of considerable relevance

to the optimization of future designs. Furthermore, models that can describe the glucose–

insulin regulatory system are of obvious general interest. Several have been developed and

some are also used in clinical practice, for example, to estimate glucose effectiveness and

insulin sensitivity from intravenous glucose tolerance tests (IVGTT) [13]. While some

models of insulin release from encapsulated islets have been published [14-20], none of

them allow the coupling of both convective and diffusive transport with reactive rates for

arbitrary geometries. Most of these models allowed transport by diffusion only, and just a

couple incorporated convective transport (i.e., fluid dynamics to model flow) [15,18], and

even these were restricted by having to assume cylindrical symmetry. We have recently

developed a finite element method (FEM)–based glucose-insulin model for avascular is-

lets that uses an unrestricted approach to couple local (i.e., cellular level) hormone release

and nutrient consumption rates with mass transport by convection and diffusion. It can

be used for arbitrary geometries including those with flowing fluid phases to calculate in-

sulin output in response to arbitrary incoming glucose profiles [21]. Furthermore, the

model can account for both first-phase and second-phase insulin responses, as well as

for the glucose-dependence and oxygen-dependence of insulin release. In avascular is-

lets, hypoxia due to oxygen diffusion limitations is likely a major limiting factor

[22-27]. Therefore, it is important to incorporate this aspect into the glucose–insulin

response model. As our model is particularly well-suited to describe the behavior of
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regular or encapsulated islets in glucose-stimulated insulin release (GSIR) perifusion

experiments, we performed parallel perifusion experiments with rodent islets and fre-

quent sampling (every minute) to quantify the effect that microencapsulation has on

the time-profile of insulin secretion and used the results to further calibrate and val-

idate our FEM-based computational model.
Methods
Islet isolation and encapsulation

All animal studies were reviewed and approved by the University of Miami Institutional

Animal Care and Use Committee. All procedures were conducted according to the

guidelines of the Committee on Care and Use of Laboratory Animals, Institute of

Laboratory Animal Resources (National Research Council, Washington DC). Animals

were housed in microisolated cages in Virus Antibody Free rooms with free access to

autoclaved food and water at the Department of Veterinary Resources of the University of

Miami. The Preclinical Cell Processing and Translational Models Core at the Diabetes

Research Institute performed the rodent islet isolations. Islets were obtained from

donor mice (BALB/C, Jackson Lab, Bar Harbor, ME) via mechanically enhanced en-

zymatic digestion followed by density gradient purification, as previously described

[28,29]. Islet purity was assessed by dithizone (Sigma-Aldrich) staining, and islets

were counted and scored using a standard algorithm for the calculation of 150 μm

diameter islet equivalent (IEQ) number [30,31]. Islets were cultured in completed

CMRL 1066-based medium (Mediatech), which is CMRL 1066 supplemented with

10% fetal bovine serum (FBS; Sigma), 20 × 10−3 M Hepes Buffer, 1% penicillin-

streptomycin (Sigma-Aldrich), and 1% L-glutamine (Sigma-Aldrich). Islets were cultured

for 48 h prior to encapsulation.

For encapsulation, standard Ba-Alg microbeads were fabricated using a modification

of the protocol originally developed by Lim and Sun [32]. As previously published, 1.6%

(w/v) alginate (UP-MVG, Mw= 300 kDa, Mw/Mn= 1.87, DPn of 28, Batch # FP-504-03,

Pronova Novamatrix, FMC) dissolved in phosphate-buffered solution (PBS, Mediatech)

was homogeneously mixed with pelleted mouse islets prior to extrusion through a

microbead generator (Biorep Technologies, Inc., Miami, FL) into a crosslinking bath of

1.5% (w/v) barium chloride, supplemented with 10 mM 3-(N-morpholino)propanesulfonic

acid (MOPS), 140 mM D-Mannitol, and 0.025% Tween-20. After crosslinking (10 min),

microbeads were washed with PBS and cultured for 48 h prior to study. Resulting

microbeads were an average size of 800 μm.
Islet perifusion

The perifusion experiments (dynamic glucose-stimulated insulin release, GSIR) were

performed using a custom built apparatus that allows parallel perifusion in up to eight

channels (Biorep). Fifty IEQ of unencapsulated or encapsulated islets were handpicked

and loaded in Perspex microcolumns, between two layers of acrylamide-based microbead

slurry (Bio-Gel P-4, Bio-Rad Laboratories, Hercules, CA). Perifusing buffer containing

125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2, 1.2 mM MgCl2, 25 mM HEPES, 0.1%

bovine serum albumin, and 3 mM glucose at 37°C with selected glucose (low = 3 mM;

high = 11 mM) or KCl (25 mM) concentrations was circulated through the columns
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at a rate of 100 μL/min. After 45–60 minutes of washing with the low glucose solu-

tion for stabilization, islets were stimulated with the following sequence: 5 min of low

glucose, 20 min of high glucose, 15 min of low glucose, 5 min of KCl, and 10 min of

low glucose. Serial samples (100 μL) were collected every minute from the outflow

tubing of the columns in an automatic fraction collector designed for a multi-well

plate format. The sample container harboring the islets and the perifusion solutions

were kept at 37°C in a built-in temperature controlled chamber. The perifusate in the

collecting plate was kept at <4°C to preserve the integrity of the analytes. Insulin con-

centrations were determined with a commercially available ELISA kit (Mercodia Inc.,

Winston Salem, NC). To account for possible differences in viability/purity across ex-

periments as well as in IEQ numbers among islets in different channels, values were

rescaled by up to 30% taking into account the KCl-induced release as a normalization

factor for each condition. Data used here are averages of duplicate samples for both

free and encapsulated islets perifused in parallel from three independent experiments.
Computational methods

For computational modeling, our previously developed local concentration-based insu-

lin secretion model has been used. A conceptual schematic of the model is shown in

Figure 1; a detailed description of its implementation and parameterization can be

found in [21] (see also Additional file 1: Appendix 1). Here, only a brief summary is in-

cluded to permit interpretation and understanding of the results. A total of four con-

centrations were used for (convective and diffusive) mass transport modeling, with

their corresponding equations (application modes): glucose, oxygen, and ‘local’ and

released insulin (cgluc, coxy, cinsL, cins). Diffusion was assumed to be governed by the

generic diffusion equation in its nonconservative formulation (incompressible fluid):
Glucose

cgluc

∂cgluc/ ∂t
Insulin

Oxygen coxy

Hill function type 
(sigmoid) responses

∫cglucdt

Insulin 
(local)

β-cell

1st phase

k insL

Figure 1 Basic concept of the present model of insulin release in β-cells. Response is determined by
the local glucose concentration, cgluc, and its rate of change, ∂cgluc/∂t, but it is also influenced by the local
oxygen concentration, coxy.
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∂c
∂t

þ ∇ ⋅ −D∇cð Þ ¼ R−u⋅∇ c ð1Þ

where, c denotes the concentration [mol⋅m−3] and D the diffusion coefficient [m2⋅s−1]
of the species of interest, R the reaction rate [mol⋅m−3⋅s−1], u the velocity field [m⋅s−1],

and ∇ the standard del (nabla) operator (∇≡i ∂
∂x þ j ∂

∂y þ k ∂
∂z). Diffusion coefficients (D)

used were the same as in the original model [21]; they were selected as consensus esti-

mates of values available from the literature. Values in the present implementation for

water, tissue (islet), and alginate (capsule) are as follows (all in m2⋅s−1) oxygen: 3.0 × 10−9,

2.0 × 10−9, 2.5 × 10−9; glucose: 0.9 × 10−9, 0.3 × 10−9, 0.6 × 10−9; and insulin: 0.15 × 10−9,

0.05 × 10−9, 0.1 × 10−9.

As an important part of the model, all consumption and release rates were assumed

to follow Hill–type dependence (generalized Michaelis-Menten kinetics) on the local

concentrations as this provides a convenient and easily parameterizable mathematical

function:

R ¼ f H cð Þ ¼ Rmax
cn

cn þ Cn
Hf

ð2Þ

Parameters here were Rmax, the maximum reaction rate [mol⋅m−3⋅s−1], CHf, the con-
centration corresponding to half-maximal response [mol⋅m−3], and n, the Hill slope

characterizing the shape of the response. The parameter values used for the different

release and consumption functions (i.e., insulin, glucose, oxygen; e.g., CHf,gluc, CHf,oxy, etc.)

were different [21]; their values used in the model are summarized in Table 1.

For avascular islets, oxygen availability is a main limiting factor because the solubility

of oxygen in culture media or in tissue is much lower than that of glucose; hence, avail-

able oxygen concentrations are usually much more limited [21,26]. To account for the

increased metabolic demand of insulin release and production at higher glucose con-

centrations, the model also included a dependence of the oxygen consumption (Roxy) on
Table 1 Summary of Hill function parameters used in the present model (Figure 1;
detailed equations in [21])

Rate Var. CHf n Rmax Property and comments

Roxy coxy 1 μM 1 −0.034 mol/m3/s Oxygen consumption, base. Cut to 0 below
critical value, coxy < Ccr,oxy.

Roxy cgluc 7 mM 2.5 N/A Oxygen consumption, φo,g metabolic part.
Due to increasing metabolic demand.
Parallels second-phase insulin secretion rate.

Rgluc cgluc 10 μM 1 −0.028 mol/m3/s Glucose consumption. Contrary to oxygen,
has no significant influence on model results.

Rins,ph2 cgluc 7 mM 2.5 3 × 10−5 mol/m3/s Insulin secretion rate, second-phase. Total
secretion rate is modulated by local oxygen
availability (last row).

Rins,ph1 ∂cgluc/∂t 0.03 mM/s 2 21 × 10−5 mol/m3/s Insulin secretion rate, first-phase. Modulated
to have maximum sensibility around
cgluc = 5 mM and be limited at very large
or low cgluc.

Rins, φo,g coxy 3 μM 3 N/A Insulin secretion rate, φo,g oxygen dependence.
Limits insulin secretion if coxy becomes
critically low.
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the local glucose concentration via a modulating function φo,g(cgluc) (see [21] for further

details). The core of the model was the functional form describing the glucose-dependence

of the insulin secretion rate, Rins. For this purpose, a combination of two sigmoid Hill func-

tions was used. One describes the glucose-insulin dynamics of the second-phase response

as a function of the local glucose concentration, cgluc, with the help of parameters shown in

the Rins,ph2 row of Table 1. The other describes the first-phase response as a function of the

(local) change in glucose concentration, i.e., glucose time-gradient (ct = ∂cgluc/∂t) with the

help of parameters shown in the Rins,ph1 row of Table 1. This was non-zero only when the

glucose concentration increased, i.e., only when ct > 0. We found that for a correct time-

scale of insulin release, an additional ‘local’ insulin compartment had to be added (Figure 1)

so that insulin was assumed to be first secreted into this compartment and then released

from here following a first order kinetics, dcinsL/dt = Rins − kinsL(cinsL − cins); for details, see

[21]. The original model, which was calibrated for human islets, used a corresponding rate

constant of kinsL = 0.003 s−1. Here, to fit the data obtained with murine islets, this was in-

creased to 0.006 s−1 to have a slightly faster release; this was the only parameter modified

compared to the original model.

Finally, to incorporate media flow, these convection and diffusion models were

coupled to a fluid dynamics model. For this purpose, the incompressible Navier–Stokes

model for Newtonian flow (constant viscosity) was used to calculate the velocity field u

resulting from convection [33]:

ρ
∂u
∂t

−η∇
2
uþ ρ u⋅∇ð Þuþ ∇p ¼ F

∇ ⋅u ¼ 0
ð3Þ

The first equation is the momentum balance; the second is the equation of continuity

for incompressible fluids. Standard notation was used with ρ denoting density [kg⋅m−3],

η viscosity [kg⋅m−1⋅s−1 = Pa⋅s], p pressure [Pa, N⋅m−2, kg⋅m−1 ⋅s−2], and F volume force

[N⋅m−3, kg⋅m−2⋅s−2]. The flowing media was assumed to be an essentially aqueous

media at physiological temperature (37°C). Incoming media was assumed to be in

equilibrium with atmospheric oxygen and, thus, to have an oxygen concentration of

coxy,in = 0.200 mol⋅m−3 (mM) corresponding to pO2 ≈ 140 mmHg. For physiologically

relevant conditions, lower values have to be used as tissue oxygen concentrations are

likely to be around only coxy,tis = 0.060 mol⋅m−3 (mM) corresponding to pO2 ≈ 40 mmHg.

The model was implemented in COMSOL Multiphysics 4.4 (COMSOL Inc., Burlington,

MA) and solved as a time-dependent (transient) problem, allowing intermediate time-

steps for the solver, as described previously. Mesh and boundary conditions used were

also as described before [21] (see also Additional file 1: Appendix 1, Additional files for

further details). Similar to our previous models of human islet perifusions [21,34], here,

we also used two spherical islets of 100 and 150 μm diameter placed in a 2D cross-section

of a cylindrical tube with fluid flowing from left to right. Islets were considered homoge-

neous inside; individual cells (e.g., α- or β-cells) were not considered separately. Islet sizes

were selected based on our analysis of the size distribution of isolated islets [31].

This confirmed that the expected value of islet diameter is 95 μm, whereas the ex-

pected value of islet volume is 1.2 × 106 μm3, corresponding to the volume of an islet

with d = 133 μm [31].
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Results and discussion
To accurately quantify the effect that microencapsulation has on the time-profile of in-

sulin secretion from isolated islets, we first performed high-resolution parallel perifu-

sion experiments with unencapsulated and alginate-encapsulated murine islets. Then,

we used the results to validate and further calibrate our FEM-based glucose-insulin

computational model. Perifusion was performed with four channels in parallel and using

a low (3 mM), high (11 mM), low (3 mM) glucose step with frequent sample collection

(every minute); the insulin response obtained is shown in Figure 2. To allow a clear delin-

eation of the first-phase response, the high glucose step (G11) was maintained for 20 min,

which is longer than in our previously used standard protocols [34–36]. Unencapsulated

islets demonstrated a well-defined first-phase peak, followed by a second-phase plateau,

with possibly a slightly rising tendency (Figure 2). This was expected, given normal func-

tioning islets release insulin in a biphasic manner in response to a stepwise increase of

glucose (e.g., a relatively quick transient spike of 5–10 min /first phase/ followed by a

sustained second phase that is slower and somewhat delayed [37–40]). Responses

from the encapsulated islets were similar, but slightly delayed and blunted. This was

again expected, due to the impact of the encapsulating hydrogel and agrees with published

reports [32,41,42].

Another important goal of the present work was to verify if these data can be fitted

by our recently developed complex FEM-based computational model [21]. This local

concentration-based model predicted a similar behavior for hydrogel-encapsulated is-

lets. Figure 3 shows the theoretical predicted values for a setup mimicking the present

experimental conditions. Two perifused islets that are in the center of spherical capsules

were used in the model, and the capsule thickness was varied from 50 to 350 μm. The

model assumes that the insulin-secreting β-cells act as sensors of both the local glucose

concentration and its change. Hence, a first-phase response related to the change in

(local) glucose concentration as well as a second-phase response related to the (local)
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three experiments performed in duplicate with ~ 50 IEQ per channel. Representative encapsulated islets used
in these experiments are shown on the right.
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glucose concentration is incorporated [21]. Insulin is released within the islets following

Hill–type sigmoid response-functions of the local (i.e., cellular level) glucose concen-

tration, cgluc, and its time-gradient, ∂cgluc/∂t, resulting in second– and first–phase in-

sulin responses, respectively (Figure 1). Oxygen and glucose consumption by the islet

cells are incorporated in the model using Michaelis-Menten–type kinetics (i.e., Hill

equation with n = 1). Since lack of oxygen (hypoxia) can be an important limiting factor in

avascular islets [26], oxygen concentrations are also allowed to limit the rate of insulin se-

cretion, following again a Hill–type equation. Finally, all the local (cellular-level) oxygen,

glucose, and insulin concentrations are combined together with solute transfer equations

to calculate observable, external concentrations as a function of time and incoming

glucose and oxygen concentrations (see Computational methods and Additional file 1:

Appendix 1 for further details). Calculations were done using the same model parameter-

ized originally based on perifusion data from human islets [21], except the kinetics of in-

sulin release was increased slightly (kinsL = 0.006 s−1 vs. the original 0.003 s−1) to account

for the somewhat sharper first phase response of murine islets observed here as compared

to human islets [34,43]. The effect of this change on the predicted insulin release profile

of free islets is shown in Figure 4. An important advantage of this model is that it allows

for calculation of the distribution of all concentrations of interest at any time-point during

the perifusion; an illustrative example of insulin concentration during the increase of in-

coming glucose concentration is shown in Figure 5 comparing the response of free and

encapsulated islets.

Obtained experimental insulin-release profiles could be fitted well with the present

model both for the free and encapsulated islets (r2 of 0.952 and 0.853, respectively)

(Figure 6). Remarkably, the total calculated outgoing flux, which requires scaling with

height data to convert the 2D flux to 3D values, gave the present fit shown in Figure 6

after scaling to 50 IEQ (i.e., an islet volume of 50 × 1.77·10−13 m3) – exactly the islet

equivalent (IEQ) number used in the experiments. This was particularly encouraging as

it supports the accuracy of the insulin secretion rate parameter values, Rins (maximum
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reaction rate) and CHf,ins (the concentration corresponding to half-maximal response)

(Table 1), originally derived from human data, and indicates that they can give an ad-

equate description for murine islets as well (with the single adjustment of increasing

the kinsL value, see Figure 4).

Predicted responses for encapsulated islets depend on the thickness of the spherically

symmetric capsules assumed for the calculation (Figure 3). The fit shown in Figure 6 was

obtained with a capsule size of lcaps = 150 μm, which gave the lowest sum of squared er-

rors (SSE). Minimum SSE for the fitting was obtained with a capsule size of lcaps = 150 μm

and an IEQ of 50.6. While this thickness might be smaller than the average half-distance

for centrally located islets within these 800 μm diameter microbeads (see inset in Figure 2),
Figure 5 Model-calculated insulin concentrations in response to increasing glucose concentrations.
Calculated insulin concentrations for two illustrative free and encapsulated islets (left and right, respectively;
d = 100 (top) & 150 μm (bottom), lcaps = 150 μm) under normoxic conditions. Data shown as surface plot
are insulin concentration (color-coded from blue for low to red for high. Streamlines show the flow of the
perifusion fluid (color-coded for velocity; flow from left to right) and colored contour lines show isolevels
for the perifusing glucose (from light blue for low to light red for high). Model calculated values are shown
during the increase of the glucose concentration from 3 mM to 11 mM; first phase response is noticeably
delayed and blunted in the encapsulated islet.
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it is not unrealistic considering the asymmetric position of most islets within the capsule

and that the most efficient exchange will take place along the shortest diffusional path to

the bead surface. Lacking corresponding experimental data, the effects of different algin-

ate concentrations were not modeled. However, they are expected to modify the diffusiv-

ities within the capsule and, ultimately, result in effects that are to a good extent similar

to those caused by changes in capsule thickness.

To allow acceptable computation times with adequate time-sampling along the entire

perifusion interval (~60 min), the present computational model is implemented as a 2D

model (Figure 3). However, we have shown previously that 2D models represent well

the results of the much more time consuming 3D models [21,26]. Another advantage

of the general nature of the present FEM model is that it allows easy expansion of the

model from simple passive diffusion within the capsule to incorporation of convective

flow of the aqueous media through the hydrogel capsule, which has been considered a

possibility in a few cases (e.g., [44,45]). This can be implemented by permitting flow,

but with increased viscosity, within the capsule. We did a brief exploration with such

an extended model on the impact of different viscosities for the flow within the encap-

sulating material on the overall pattern of flow and the predicted insulin profile (data

not shown), but we found them too similar to those of the diffusion-only model to

allow distinguishing between the models without further knowledge on the parameters

(i.e., viscosities vs. diffusion coefficients).
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To better highlight the difference in their dynamic response, we also performed mod-

eling of a free and an encapsulated islet side-by-side within the same chamber. Responses at

illustrative time-points (e.g., during the increase in glucose concentration) are shown in Fig-

ure 7, with corresponding animations included as Additional files 2 and 3. Of note, the

present experiments were performed at atmospheric oxygen (pO2 = 140 mmHg; coxy =

0.20 mM), while some other published perifusion experiments were performed using

oxygen-enriched perifusion media (e.g., 95% O2) to minimize the effects of oxygen limita-

tion. At lower oxygen concentrations, such as those mimicking the tissue oxygen con-

centrations that transplanted islets are likely to encounter (e.g., pO2 = 35–45 mmHg;

coxy = 0.05–0.065 mM), the loss in insulin secreting ability is likely to be more significant as

the encapsulated islets will be impacted more by hypoxia [21]. For example, our calculations

with this model under low oxygen conditions predicted that free islets can still secrete insulin

at around 70–75% of their normal rate, whereas encapsulated islets can only operate at

around 50% of the full rate, and their response is especially hampered at larger glucose levels.

To overcome this nutrient diffusion problem, many different approaches have been and are

being explored including, for example, use of smaller or more oxygen-permeable capsules,

co-encapsulation of anti-inflammatory drugs, use of smaller or more hypoxia-resistant islets,

local oxygen delivery near the islets, and others, as reviewed in detail elsewhere [10,12].
Conclusions
Overall, the high-resolution experimental results collected herein are in agreement with

previous results [32,41,42,46], whereby the GSIR response of alginate microencapsulated
Figure 7 Model-predicted delay in insulin response and increased hypoxia for encapsulated islets shown
as three-dimensional surfaces. Side-by-side comparison of the GSIR response of free and encapsulated islets (both
having d= 150 μm; encapsulated islet on the right side) using a 3D surface representation of insulin (height data)
and oxygen (color code; blue = high; red = low). The corresponding 2D figure is included for reference (inset).



Buchwald et al. BioMedical Engineering OnLine  (2015) 14:28 Page 12 of 14
islets in perifusion experiments was found to be similar to that of free islets, but some-

what delayed and blunted – a difference that increases with increasing capsule thickness.

Optimization of encapsulation technologies to reduce the effects of diffusion limitations

(i.e., thinner capsules, smaller islets, increased diffusivities, incorporation of oxygen

delivery, or improved access to nearby blood-flow) could minimize the delay and

blunting of the first-phase response, which could be important as an accelerated loss

of the first-phase insulin response has been found in those progressing toward T1D

[47]. We found that these GSIR perifusion experiments could be very well modeled

by our local concentration-based FEM computational model, further confirming its

current parameterization. Because the model uses an unrestricted approach to couple

hormone secretion and nutrient consumption kinetics with diffusive and even convective

transport, it can be used for arbitrary geometries and glucose stimulation sequences.

Thus, it is well suited for the quantitative characterization of the insulin response of cul-

tured, perifused, transplanted, and encapsulated islets under various conditions.

Additional files

Additional file 1: Appendix 1. Local glucose and oxygen concentration-based finite element method (FEM) used
to model the insulin secretion of pancreatic islets (β-cells): Computational method details.

Additional file 2: Video A1: GlucInsDyn_wHalfEncaps_wParamGeo_Model20_v44_InsulinSurfaceHeight.avi.

Additional file 3: Animated GIF A2: GlucInsDyn_wHalfEncaps_wParamGeo_Model20_v44_InsConc01.gif.
Movie (.avi) and corresponding animated image (.gif) files showing the parallel comparison of the time-course of
the GSIR response of free and encapsulated islets (both having d = 150 μm; encapsulated islet on the right side) to
a glucose step (3 mM → 11 mM → 3 mM). The same 3D surface representation with insulin concentrations as
height data and oxygen concentration as color code (blue = high, red = low) is used as in Figure 7.

Abbreviations
FEM: Finite element method; GSIR: Glucose-stimulated insulin release; IEQ: Islet equivalent; SSE: Sum of squared errors;
T1D: Type 1 diabetes mellitus.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
PB conceived the study, performed the computational modeling, and drafted the manuscript; SRC performed the perifusion
experiments and analyzed data; JDW carried out the islet encapsulations; CLS participated in the design of the study, in the
encapsulation work, and in the writing of the manuscript. All authors read and approved the final manuscript.

Acknowledgements
We would like to thank the DRI Preclinical and Translational Models Core led by R. Damaris Molano for their help in
isolating the murine islets, as well as Jaime Giraldo for help with the islet encapsulation. We would also like to thank
the Director of the Diabetes Research Institute, Dr. Camillo Ricordi, for his ongoing support, advice, and guidance.

Financial support
Parts of this work were supported by grants from the National Institutes of Health (NIH) National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) (1UC4DK104208-01), the Juvenile Diabetes Research Foundation (17-2012-361), and
the Diabetes Research Institute Foundation (www.diabetesresearch.org).

Author details
1Diabetes Research Institute, University of Miami, DRI, 1450 NW 10th Ave (R-134), Miami, FL 33136, USA. 2Department
of Molecular and Cellular Pharmacology, University of Miami, Miller School of Medicine, Miami, FL, USA. 3Biomedical
Engineering, University of Miami, Miller School of Medicine, Miami, FL, USA. 4DeWitt-Daughtry Department of Surgery,
University of Miami, Miller School of Medicine, Miami, FL, USA.

Received: 1 October 2014 Accepted: 3 March 2015

References

1. Hallgreen CE, Korsgaard TV, Hansen RN, Colding-Jørgensen M. The glucose-insulin control system. In: Bertau M,

Mosekilde E, Westerhoff HV, editors. Biosimulation in drug development. Weinheim: Wiley-VCH; 2008. p. 141–96.
2. Suckale J, Solimena M. Pancreas islets in metabolic signaling - focus on the beta-cell. Front Biosci. 2008;13:7156–71.

http://www.biomedical-engineering-online.com/content/supplementary/s12938-015-0021-9-s1.pdf
http://www.biomedical-engineering-online.com/content/supplementary/s12938-015-0021-9-s2.zip
http://www.biomedical-engineering-online.com/content/supplementary/s12938-015-0021-9-s3.gif
http://www.diabetesresearch.org


Buchwald et al. BioMedical Engineering OnLine  (2015) 14:28 Page 13 of 14
3. Pambianco G, Costacou T, Ellis D, Becker DJ, Klein R, Orchard TJ. The 30-year natural history of type 1 diabetes complications:
the Pittsburgh Epidemiology of Diabetes Complications Study experience. Diabetes. 2006;55:1463–9.

4. Ricordi C, Strom TB. Clinical islet transplantation: advances and immunological challenges. Nat Rev Immunol.
2004;4:259–68.

5. Fiorina P, Shapiro AM, Ricordi C, Secchi A. The clinical impact of islet transplantation. Am J Transplant. 2008;8:1990–7.
6. Soon-Shiong P. Treatment of type I diabetes using encapsulated islets. Adv Drug Deliv Rev. 1999;35:259–70.
7. Silva AI, de Matos AN, Brons IG, Mateus M. An overview on the development of a bio-artificial pancreas as a treatment

of insulin-dependent diabetes mellitus. Med Res Rev. 2006;26:181–222.
8. Teramura Y, Iwata H. Bioartificial pancreas microencapsulation and conformal coating of islet of Langerhans. Adv

Drug Deliv Rev. 2010;62:827–40.
9. O’Sullivan ES, Vegas A, Anderson DG, Weir GC. Islets transplanted in immunoisolation devices: a review of the

progress and the challenges that remain. Endocr Rev. 2011;32:827–44.
10. Colton CK. Oxygen supply to encapsulated therapeutic cells. Adv Drug Deliv Rev. 2014;67-68C:93–110.
11. King S. The evolution of islet encapsulation ventures. http://www.hanumanmedicalfoundation.org/blog/2009/05/

21/history-of-diabetes-research/.
12. Scharp DW, Marchetti P. Encapsulated islets for diabetes therapy: history, current progress, and critical issues

requiring solution. Adv Drug Deliv Rev. 2014;67–68:35–73.
13. Boutayeb A, Chetouani A. A critical review of mathematical models and data used in diabetology. Biomed Eng

Online. 2006;5:art. 43.
14. Reach G, Jaffrin MY. Kinetic modelling as a tool for the design of a vascular bioartificial pancreas: feedback

between modelling and experimental validation. Comput Methods Programs Biomed. 1990;32:277–85.
15. Pillarella MR, Zydney AL. Theoretical analysis of the effect of convective flow on solute transport and insulin

release in a hollow fiber bioartificial pancreas. J Biomech Eng. 1990;112:220–8.
16. Todisco S, Calabro V, Iorio G. A lumped parameter mathematical model of a hollow fiber membrane device for

the controlled insulin release. J Membr Sci. 1995;106:221–32.
17. Tziampazis E, Sambanis A. Tissue engineering of a bioartificial pancreas: modeling the cell environment and

device function. Biotechnol Prog. 1995;11:115–26.
18. Buladi BM, Chang CC, Belovich JM, Gatica JE. Transport phenomena and kinetics in an extravascular bioartificial

pancreas. AIChE J. 1996;42:2668–82.
19. Dulong JL, Legallais C. Contributions of a finite element model for the geometric optimization of an implantable

bioartificial pancreas. Artif Organs. 2002;26:583–9.
20. Dulong JL, Legallais C. What are the relevant parameters for the geometrical optimization of an implantable

bioartificial pancreas? J Biomech Eng. 2005;127:1054–61.
21. Buchwald P. A local glucose-and oxygen concentration-based insulin secretion model for pancreatic islets. Theor

Biol Med Model. 2011;8:20.
22. Ohta M, Nelson D, Nelson J, Meglasson MD, Erecinska M. Oxygen and temperature dependence of stimulated

insulin secretion in isolated rat islets of Langerhans. J Biol Chem. 1990;265:17525–32.
23. Dionne KE, Colton CK, Yarmush ML. Effect of hypoxia on insulin secretion by isolated rat and canine islets of

Langerhans. Diabetes. 1993;42:12–21.
24. Sweet IR, Khalil G, Wallen AR, Steedman M, Schenkman KA, Reems JA, et al. Continuous measurement of oxygen

consumption by pancreatic islets. Diabetes Technol Ther. 2002;4:661–72.
25. Wang W, Upshaw L, Strong DM, Robertson RP, Reems J. Increased oxygen consumption rates in response to high

glucose detected by a novel oxygen biosensor system in non-human primate and human islets. J Endocrinol.
2005;185:445–55.

26. Buchwald P. FEM-based oxygen consumption and cell viability models for avascular pancreatic islets. Theor Biol
Med Model. 2009;6:art. 5.

27. Papas KK, Long Jr RC, Sambanis A, Constantinidis I. Development of a bioartificial pancreas: II. Effects of oxygen on
long-term entrapped betaTC3 cell cultures. Biotechnol Bioeng. 1999;66:231–7.

28. Pileggi A, Molano RD, Berney T, Cattan P, Vizzardelli C, Oliver R, et al. Heme oxygenase-1 induction in islet cells results
in protection from apoptosis and improved in vivo function after transplantation. Diabetes. 2001;50:1983–91.

29. Rengifo HR, Giraldo JA, Labrada I, Stabler CL. Long-term survival of allograft murine islets coated via covalently
stabilized polymers. Adv Healthcare Mater. 2014;3:1061–70.

30. Ricordi C, Gray DWR, Hering BJ, Kaufman DB, Warnock GL, Kneteman NM, et al. Islet isolation assessment in man
and large animals. Acta Diabetol Lat. 1990;27:185–95.

31. Buchwald P, Wang X, Khan A, Bernal A, Fraker C, Inverardi L, et al. Quantitative assessment of islet cell products: estimating
the accuracy of the existing protocol and accounting for islet size distribution. Cell Transplant. 2009;18:1223–35.

32. Lim F, Sun AM. Microencapsulated islets as bioartificial endocrine pancreas. Science. 1980;210:908–10.
33. Comsol AB. COMSOL Multiphysics Modeling Guide, version 3.4. COMSOL AB; 2007.
34. Buchwald P, Cechin SR. Glucose-stimulated insulin secretion in isolated pancreatic islets: multiphysics FEM model

calculations compared to results of perifusion experiments with human islets. J Biomed Sci Eng. 2013;6:26–35.
35. Cechin SR, Perez-Alvarez I, Fenjves E, Molano RD, Pileggi A, Berggren PO, et al. Anti-inflammatory properties of

exenatide in human pancreatic islets. Cell Transplant. 2012;21:633–48.
36. Bocca N, Pileggi A, Molano RD, Marzorati S, Wu W, Bodor N, et al. Soft corticosteroids for local immunosuppression:

exploring the possibility for the use of loteprednol etabonate in islet transplantation. Pharmazie. 2008;63:226–32.
37. Hedeskov CJ. Mechanism of glucose-induced insulin secretion. Physiol Rev. 1980;60:442–509.
38. Rorsman P, Eliasson L, Renstrom E, Gromada J, Barg S, Gopel S. The cell physiology of biphasic insulin secretion.

News Physiol Sci. 2000;15:72–7.
39. Henquin JC. Triggering and amplifying pathways of regulation of insulin secretion by glucose. Diabetes. 2000;49:1751–60.
40. Henquin JC. Regulation of insulin secretion: a matter of phase control and amplitude modulation. Diabetologia.

2009;52:739–51.

http://www.hanumanmedicalfoundation.org/blog/2009/05/21/history-of-diabetes-research/
http://www.hanumanmedicalfoundation.org/blog/2009/05/21/history-of-diabetes-research/


Buchwald et al. BioMedical Engineering OnLine  (2015) 14:28 Page 14 of 14
41. Jesser C, Kessler L, Lambert A, Belcourt A, Pinget M. Pancreatic islet macroencapsulation: a new device for the
evaluation of artificial membrane. Artif Organs. 1996;20:997–1007.

42. de Vos P, Smedema I, van Goor H, Moes H, van Zanten J, Netters S, et al. Association between macrophage
activation and function of micro-encapsulated rat islets. Diabetologia. 2003;46:666–73.

43. Henquin JC, Dufrane D, Nenquin M. Nutrient control of insulin secretion in isolated normal human islets. Diabetes.
2006;55:3470–7.

44. Rasmussen MR, Snabe T, Pedersen LH. Numerical modelling of insulin and amyloglucosidase release from swelling
Ca-alginate beads. J Control Release. 2003;91:395–405.

45. Chen T, Buckley M, Cohen I, Bonassar L, Awad HA. Insights into interstitial flow, shear stress, and mass transport
effects on ECM heterogeneity in bioreactor-cultivated engineered cartilage hydrogels. Biomech Model Mechanobiol.
2012;11:689–702.

46. Garfinkel MR, Harland RC, Opara EC. Optimization of the microencapsulated islet for transplantation. J Surg Res.
1998;76:7–10.

47. Sosenko JM, Skyler JS, Beam CA, Krischer JP, Greenbaum CJ, Mahon J, et al. Acceleration of the loss of the first-phase
insulin response during the progression to type 1 diabetes in diabetes prevention trial-type 1 participants. Diabetes.
2013;62:4179–83.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Islet isolation and encapsulation
	Islet perifusion
	Computational methods

	Results and discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Financial support
	Author details
	References

